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The Flettne.r wind-driven rotor ship, v/hich is on every 
tongTJie, as a result of the unusuallj'^ zealous newspaper propa- 
ganda, lias suddenly aroused Liuch popular interest in the theory 
of flow- The effect of the Flettncr rotor can not be explained 
in accojrdance with the prevailing views on v/ind pressure, al- 
though it is claimed to exert as imich force as a sail having 
10-15 tines as large a frontal area. 

Though the modern theory of flow can not yet fully ex- 
plain the mysterious phenomenon, it was nevertheless instru- 
mental in discovering the grea.t forces of the rotating cylin- 
der. Since the knowledge of the laws of flow is not yet suffi- 
ciently wide- spread and since such knowledge is necessary to 
enable us to a. r rive at ^.^ci^j real explanation of the phenomenon, 
I gladly improve this opportunity to introduce the reader to 
these laws, as regards the subject under consideration. 

This remarhacle phenomenon ms first observed in connec- 
tion with a rotating sphere hurled through the air, the devia- 
tions of which from the thcore-:;ical traje ctory had long been 

* "Magnuscf f ekt und Y/indlcraf tschiff , a lecture delivered befor^ 
•'Die Oottinger PhysilcaliGche ^escll^chaf t, " Uov. 17, 192-1, and 
published in "Die Naturwi s sense iiaft , " Vol. XIII, pp. 93-108. 
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knor^. by artillerists and ball players. T:'hen real ''balls" were 
still used, artillerists had early noted cert:iin irrcg^ilar de- 
viations in their trajectories- 3. Robins expressed his opin- 
ion in 1742 that these deviations -TCrc due to the rotation of 
the balls. Ho subsequently der.onst rat ed experimentally the 
truth of his assu^nption. Toward 1850, in order to control the 
formerly very irren^ilar rotations, bullets uith an eccentric- 
ally located center of p;ravity v/ere used. It ms found that 
v.^hen such a ball was loaded with the center of gravity dorm, 
the shot regularly fell short, and that v;hen the center of 
gra^vity vras up the shot \7as long, since the pressure of the 
powder .gases (being directed against the center of the ball) 
caused a dov/nward rotation in the first case and an upmrd ro- 
tation in the second case. In like manner, placing the center 
of gravity on the right or left caused a corresponding deflec- 
tion to the right or left. This deflection could not be ex- 
plained by the ass"anption of a lateral impulse at the mouth 
of the gun, because experiments with disks placed at different 
disto.nces from the m^uzzle showed tiiat the trajectory was con- 
tinuously deflected. 

In order to settle the question, lihe well-known Berlin 
ph3rsicist, 3-. Magnus, a teacher of Helmholz, performed several 
laboratory ex-oeriments in 1352 (Cf . the article on Gustav Mag- 
nus by x^. Pringsheim, '^Die Ifeturwissenschaf ten, " Vol. XIII, 
p* 49, 1925). In one of his experiments, he set a brass cylin- 
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dcr (inovmtcd bctv/oen pivots^ so as to be capable of rapid ro- 
tation by mcc.ns of a cord) on a light rotatable am and direct- 
ed an air strco.m against the cylinder by means of a small cen- 
trifug:al blOT-.^er. The cylinder yielded in the direction perpen- 
dicular to the air stream and to the axis of the c^aindcr and 
alTrrayo tov/ard the side on ^::hich the peripheral motion of the 
cylinder coincided v/ith the direction of the air stream. The 
direction of the def lection agreed v^ith the shooting experi- 
ments. The value of the deflecting force, v/hich Mapjius did not 
measure, seemed to him to be of sufficient miaj^.itudc to account 
for the deflections of spherical proj ectiles.* Since then it 
has been customary/ to designate the rhole group of phenom.ena 
by the tcn:i "Ha.cgnas effect." The service of Magnus, in first 
furnishing an experimental dem.onst rat ion of the phenomenon, 
thus received appropriate recognition- The knov/ledge of the 
effect of rotating balls in ball games antedated even the ob- 
senra,tions by artillerists. This phenomenon is very striking 
in tennis, it bein^^s comr.on for every skillful player to "cut" 
the ball so as to mxake it devia^te from its natural path.** If 
the ball is given a cutting stroke on the right, it is de- 
flected tov.rard the left and vice versa. If cut underneath, 

* I.Ia;Tnu3 also inx^cstiga": cd the deflections of rotating oblong 
projectiles by special e:^pcriments and theoretical deductions. 
In the por)ular presentations, as published in the ne^TSpa-pers, 
these w'Qxo often confused with the MagTiUs effect, with which 
they hia.d i^x thing to do. 

** According to G- T- l^lkcr, it vias m.entioned in 1671 that a 
"cut" tennis ball describes a curve. 
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the ball rill £-0 farther and, if cut on top, it nill go shorter 
than cthcr-'isc. ncccrding to G. T. Yialhcr, this ohcnoncncn is 
cvcn -ore strihino- in ^;olf. ^.a.en a golf hall is eut under- 
neath it goes farther than it could cthcr^vise do v.-ith the sane 
initinl relocity. The first golf stich (the "driver") is there- 
fore slightly concave on top. In a faulty lateral c^jt, it is 
said to be possible for the dcfleeticn to anount to as much as 
70 neters (350 feet). 

The llagnus effect can also be easily demonstrated in the 
lecture room. The only apparatus required is a cylinder nado 
by gluing together the edges of a sheet of paper. This cylin- 
der is throvm in such a ray as to give it a rapid rotary ne- 
ticn. It is preferable to thror it forv;ard, as in borling, 
rhcn it vdll describe a path similar to Fig. 2. The phcncnenon 
is particularly noticeable rith a very long cylinder. It is 
advisable to close the ends vrith projecting cardboard disks 
which increase the rigidity and inertia of the cylinder -and im- 
prove it acrod^Tiamically. If we rind such a cylinder (Fig. l) 
in the middle of rhich a s?:iall tongue is cut, rith a thread 
i rhose ends arc attached to an overhead "oar, the cylinder, in 
falling, v:ill then be deflected tov.a.rd the side. Also a trian- 
g'Jle.r paper prism, liherise provided with end disks, rhcn held 
betreon the thum.b and finger of one hand and snapped with a 

_ finger of the other hand, as indicated bv the arrow in Fio-. 2 

I I 

rill undergo a very striking deflection. (These experiments 
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•7erc sliorn in connection v;ith the lecture.) 

Artillerists lonrierly tried to explain this phenomenon by 
claiming- that the deflection v/as due to the increased friction 
produced 'by the "cushion of condensed air" formed in front of 
the yroj entile. S. D. Poisson demonstrated, hox^-ever, tliat this 
friction i^s by no means sufficient to produce such an effect. 
Moreover, the e.boye-mentioned experiments with eccentric pro- 
jectiles demonstrated that the deflection xvas in exactly the 
opposite direction to that required by the "cushion theory." 

Ilagnus gave, in connection mth his experiments, an expla- 
nation which m.akes the effect a little more com.prehensible, but 
which, due to the primitive state of the theory of flov/ at that 
time, is no Icn^-er satisfactory.* The explanation given by Lord 
Rayleigh in 1877 in connection v/ith the flight paths of «cut" 
tennis balls is much more satisfactory. In the meantime the 
theory of flow had been considerably developed by Helmholz , 



^Magnus at first proceeded on the basis that an air stream 
Ti'nich IS directed a^inst a resting cylinder perpendicular to 
its axis, blows laterally-placed candle flames or small stream- 
ers toward the cylinder. (Obviously, the air stream must be 
thin, so th^t the candles or streamers can be placed outside of 
it.; Lagrnus concludes, from the behavior of the flames and 
streamers, th^t ^' the motion of the air past the surface of the 
cylinder does not, as generally assumed, increase the pressure 
against the latter, but, on the contrary, reduces it in the di- 
, rection perpendicular to the air stream and indeed all the more, 
Uhe_ greater the velocity of the air." He then continues "If the 
cylinder is not rotating, the reduction of the oressure is the 
same on both sides. If it is rotating, however, the velocity 
and, consequently, the pressure reduction are greater on tlic 
side rrhich is moving with the air, than on the^side which is 
moving against the air." He had noticed a damming utd of the 
air on the latter side and therefore assumed the same pressure 
as \vhen two opposite streams of v/ater m.eet. 
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Sir 'J^illiM •Tha-.TOcon and otlicrs, though thoir deduct ioiis applied 
altr.ost exclusively to ar. "ideal fluid" without viscosit-- or 
chcinge in ^rolumc Lord Haylei=-h's calculations lied to do uith 
the flow of such an ideal fluid past a cylinder infinitely ^y- 
t ended in the direction of its axis. He considered the floiv 
conditions, rhich arise when the ordinary potentiel flow is 
combined rjith a circulation flo^T, and ccmr^utcd the force ex- 
erted on the cylinder fro-n T;he pressure distribution on the 
cylinder. Lord Rayloirh hiriseli calls attention to the fact 
that it is a -.veak point in his theory that the equations are 
correct only in the absence of viscoeity, but that, according 
to a proposition of Thc:-ipson, the circulatory motion could not 
occur in the absence of viscosity or, if it were once present,' 
it could not clmnge. The origin of the flow, for which we r.ust 
obviously hold the viscosi-Gy responsible, was consequently left 
unexplained. Nevertheless, the conclusions of Lord Riyleigh 
are very instructive aind it is useful for us to consider thern, 
cs also the related theories on the raotion of an ideal fluid, 
more closely, since the actual fluids, like water and air, have 
only a very slight viscosity, so that in the most favorable 
cases, any discovery concerning the motion of an ideal fluid 
furnishes appr ox innately an aecur.-.te conclusion for a real fluid. 
As to •-.•nether ne have s-ach a favorable case u-nder consideration 
still requires special investigation. There is r.ore to be said 
later on this subject. 
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Tnc ordinaril^r tested flows of c.n ideal fluid, mrnely, the 
flows r;hich arc produced in an originally quiet fluid, ty the 
motion of bodies in it or by the action of pressure on its sur- 
face, are of the came geometrical kind as the currents of elec- 
tric it;;/ In a homop;eneous solid conductor (or as the magnetic 
field in a space with unchangeable permeability). They are de- 
ducible from a potential which satisfies the Laplace differen- 
tial equation. The essential characteristic of the potential 
flow is th-at the individual fluid particles do not rotate. 
This is closely connected with freedom from viscosity, without 
the aid of which a fluid particle can not be set in rotation. 

The two kinds of flow, on which Rayleigh based his calcu- 
lations, are shov/n in Figs. 5-4. A flow of the form sho\^n in 
Fig. 5 can be produced by sending an electric current through 
an iron sheet with a round hole cut in its center. For this 
purpose, strips of good- conducting copper must be soldered to 
the right and left edges of the poor- conducting iron sheet. 
The flox! shown in Fig. 4 can be produced electrically only by 
slitting the sheet v/ith the round hole along a radius and sol- 
dering the copper striios on the right and left sides of the 
slit- Magnetic fields of the form shown in Fig. 4 are well 
known. The magnetic field generated by an electric current 
passing through a wire perpendicular to the plane of the drav/- 
ing is of this kind. 

The floxT, which is the real subject of Rr.yleigh's invest i- 
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gation, ob-ja.ined by saperoosing ohe two flor/s shOY/n in Fi.r^^G. 

By this 18 .aSc-nt the flow -^'•hoFe velocity at every -ooint 
is the result of the coirihinat ion of the two corr.ponent veloci- 
ties according to the parallelorrarn of velocities. The -ooten- 
tial is produced sirxiply by adding the t'iTo potential values at 
each point in space. The streamline system is produced, Tvhen 
the two streamline systems are so dravrn, one over the other, 
that the quantity of fluid oacsing per second ceti^een every two 
streamlines is cverv--;hero the sam.e, sim.^ly by draT^.dnc; the diac-- 
onal curves, as shown in Fig. 5. As the result of superposing 
the flov;s shown in Fi.-;s. 3-4, various foirns are produced, ac- 
cording to the inten5:ity ci the circulatory motion (Fig. 4). 
One form, with a moderate circulation, is shown, in Fig. 6; an- 
other, v;ith a stronger circulation, in Fig. 7. 

In order to understand what is accomplished with these 
flows, we i-nust consider the loressure distribution in a flowing 
ideal fluid. In the first place the pressure at one and the 
samio point is the s^mic in a.ll directions, exactly the Scmie as 
in a fluid at rest- The pressures at two different pcints, 
however, generally differ. 'To vdll disregard the weight of 
the fluid, so that we vrill here understand by the term •'pres- 
sure'" only the difference between the pressure ^"hen in motion 
and -''hen a.t rest. This difference may be cither positive or 
negative and wo will cmnloy the terriis "positive pressure" and 
"negative pressure" in this connection. '7hcn the r)ressurc con- 



N.A.C- A' TGchnical Manoic ::iu:vi ITo. o£7 9 

tinuously falls ircrn aiw point A to any point 3 on the oan.c 
streamline, each fluid particle has a somewhat greater pressure 
behind it t'ne..n in front of it and is therefore accelerated in 
the direction of the decreasing pressure. If it already has, 
at A^ a. velocity tc^vard this velocity vrill continuously 

increase on the ?/ay tor-ard If, on the contrary, it has, at 

3, a considerahle velocity tov/ard A, it ^.vill be retarded by 
the opposing pres^re difference, since it ha.s continuously a 
sonevfhat greater pressure in front of it than behind it. It is 
again so that the velocity at B, \7here the pressure is ST.aller, 
is greater than at A. The niatheniat ical computation for a 
steady flcv; in an ideal fluid leaas to the conclusion that the 
sum of the pressure p and the quantity ( i^- which p = 

density and v = vclccit]:) is constant on the same streamline. 
This relation, established by Daniel Bernoulli in 1738, and 
often referred to as "Bernoulli's "cheorem. is closely connect- 
ed with the energ^.^ theorem of theoretical mechanics. If a ball 
is allo-.Ted to roll down a smooth surface, shaped as shoiTn in 

Fig. 8, its velocity will be the greatest at the lowest point 

the le|Lst at the highest point and 
and/ h + 5— will be a constant, the height h here pla3ring 

the same part as the pressure does in the flov;. In steady po- 
tential flows, moreover, P + P |^ is constant not only along 
any given streamline, but throughout the whole field of flow. 

Wo v.dll now apply this principle to the flows of Figs. 3, 
6 and 7. At the point A of these flows the fluid comes, for 



an instr.nt, entirely t:- rest, so that, accorcling to Bornculli^s 
thecrer.i the pressure iraist here oc the greatest , for p 7— to 
bo c_^'reatcr than in the unclis tuib sd flow (.if V is the vclcoity 
of the undisturbed flov^ v;ith reference to the object or, fron 
another viev:pcint, the velocity of the object v/ith reference to 
still a.ir) . The pressure is the lowest at the point 3, 'There 
the condensation of the streamlines shov/s the imximuiTi velocity. 
The pressure at the point 0 is the sar.e as at A. In the 
synmctrical flow (Fig. 3), the pressure at is also the sani 

as at B. In unsyrm^ietrical flov/s, on the contrary (Figs. &-7), 
the pressure at 3 is considerably smaller than at 3^ and 
hence t]ie resultant of the pressures is a force in the direc- 
tion 3'B, i.e., the Llagnus effect, for which the terni "Quer-- 
trieb" (transverse force) was :-lso proposed. No resistance in 
the direction cf iiioticn can be deduced frcni the pressure dis- 
tribution in either cf the ohrce flcvfs. This is closely con- 
nected "'ith the replacerient of the actual fli^. id by the ideal 
fluid. The overcoming of resistance means the performance of 
i7orh and cculd therefore have an equivalent in the ideal fluid 
only in the hinetic energy remaining in the fluid. If, horever 
the flo-j closes behind the object just as it opens in front of 
the object, there is then no room, for :3uch an energy and conse- 
quently for any resistance. Raj^leighJ s calculation and, conse- 
qu.ently, our ov/n remarks apply only to a very long cylinder, 
for v^hich the conditions at the ends are disregE^orded. They are 



N • . C . A . Tec hn i M c::io randu::i Uo . 5 C? 11 

not apiDliccblc to a snort cylinder. Even in the ideal fluid, 
v/itii the circulatory Tioticn at the c^^linder ends, hinctic ener- 
gy develops in the forii of eddies v/hich rcr:;ain in the flou and 
therefore produce corresponding resistance (a so-called in- 
due ca drap', the sane as for airplane v;inr;;s). From this the 
conclusion (confiri.iod cxperir.cntb) is c-ra'-^n that the ?iagnus 
effect can be obscr^v-cd, in its a.pr)roxir.ately full developnent, 
only in connection v/ith very long cylinders and that it occurs 
in connection ^"ith ppheros only in a fom that is greatly af- 
fected b-' eddies.* All previous obsci^ations v/cre nade, hor/- 
ever, v;ith relatively short bodies. The G-cttingcn experinents 
of 1923 '.'/ere the first tc be perfonried -.vith sufficiently long 
cylinders. 

Tv/o further points should be noted here. First, the above- 
described piessure distributions can be intelligibly explained 
in anctnor r/ay. If v;e consider a fluid particle v/hich is /.iot- 
ing along a cur\/'cd strea-'iline, vio can easily see that, in order 
to heep the particle in the cur-vcd path, a force nust bo con- 
tinuously acting on it v/hich tends to deflect it tovjexd the 



* In r;.y "Tragf lugelthecrie" (-vTing theory), Fart II ("G-ottinger 
Nachrichten, ^' ici9, p- 134), the lift decrease, given by equa- 
tion &8, of the iragnitudc W tan o = angle bctv/een the direc- 
tion of the v.rind and the direction of the eddy axes, which are 
oblique on account of their cm motion; 7 ~ induced drag) can 
bo so great fr-r short cylinders that, vdth an increase in the 
circulation, the lift r.ay r. rain decrease or even become nega- 
tive. This phenomenon may be explained by tho suction force of 
th3 eddies, 'vhich acts in the direction of their axes. 
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oo:.cavc side of t:ic path curve This result is acccr.3li.hcd 
tio proarurc on the con^'cx side being sonerh^^t ^rer.tcr tlian o 
the concrvo sice. (it nay alsc bo said that the particle, in 
its tonder.cy to r ctraight ahead, presses on the convex side 
thus producing a centrifugal force. ) If nov- follow these 
pressure differences in directions at right angles to the 
Btroaniines till ^.e reach the undisturbed flow ^.herc the pres- 
sure is equalized, again find that the oressure must be 
positive in the vicinity of A, :rherc the streamlines are 
convex to.-ard the cylinder, and negative in the vicinity of E 
:7here they are concave to^^ard the cylinder. That a quantita- 
tive evaluation cf thin -orinci-ciG -m '-Urr^ +^-^ -.^ 

i^x j-.iu j.u±o , i±i . ivc tiiC sane pressures 

as Bernculli's theorem, is guaranteed by the connection ^'hich 

these things find in the lar/s of flcv/. 

The second Doint concerns the value of the Magnus effect. 
33.^ computing the pressure distribution, Lord Payleigh found a 

fomula, according to -rhich this force is proportional to the 
product cf the velocity V of the cylinder -ith reference to 
the undisturbed fluid and the velocity U 01 circulatory flor/ 
according to Fig. 4. For a length z of the "infinitely long- 
cylinder, it is 

P = P V U 2 n r I , 
in ;7hich r radius of cylinder ard p = density of fluid. 

The rdstakc has often been r.adc of confusing this circula- 
tory velocity -ith the peripheral velocity of the cylinder. 
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The relation of these t;70 is neither given at the outset nor is 
it at all sinplc. Sc-etincs it can be found only by oxp-crincnt. 
In Fig. 6 it is assuned that U - V and in Fig. 7, that 
U = 2V. 

The above Hayleigh foniula is, -"orcover, a special case of 
Jouvor/ski's forr.iula (1906), F p y p ,,hich holda good for 
all cases -here a ilov; generates a lateral force, hence for 
sails, airplane ^vings, etc., r represents the "circulation," 
-hich is obtained by --ailtiplying each portion of the line, along 
any closed curve anbracing the power- generating object, by the 
velocity conponent falling in its direction and then adding 
("integrating") all these products. In potential flo^vs, this 
"circulation" has very remarkable properties. In ordinary po- 
tential ilO'TS (e.g.. Fig. 3), it is zero for any closed curve. 
In circulatory potential flor;s (e.g.. Figs. 4, 6 and 7), it is 
liko-'ise zero for c-^ery closed curve which does not inclose the 
object flowed around, but it is constant for cvfery closed curve 
■7hich enbraees the object once, so that its value r is a 
measure for the circulatory notion. If r (Fig. 4) is the 
radius of any given streamline, then the flow velocity u, 
-vhcn the circular strearaline is chosen as the closed line, is 
to be inserted full, since it falls exactly in the direction 
of the line elenent and we have T = 2 tt r u, from which, due 
to the constancy of r, it follows tlrnt u rrust be inversely 
proportional to the distance r. 
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The recently'- won knjwled;;;e of the circulation principle 
renders it possible to formulate more accurately the in'Oorta^nt 
theoren of Sir "'illiam Thompson, namely, th^t, in a homop;eneou 
non-viscous fluid, the circulation along eatery line consisting 
permanently of the sam:e fluid particles, can ?iot change with 
the lapse of tim-e. The theorem., under the conditions named, 
is universally applicable, not only to "potential mictions," 
but also to all eddying motions. If ive now imagine a cylinder 
at first without rotation, then (according to the preceding 
statements) there is no circulation (Fig. 5). If it is subse- 
quently set in m.otion, it is impossible to see how circulation 
can suddenly set in contrary to the Thompson theorem. The mat- 
ter is thus quite hopeless from, the standpoint of the ideal 
fluid, in spite of the very satisfactory streamline pictures 
and pressure distributions, since it is im.possible to see how 
the circulation can comie into existence- 

The solution for the simple flow around the non- rotating 
cylinder, as shown in Fig. 5, is, however, when carefully con- 
sidered, no m.ore satisfactory, since we know that in a ree.l 
fluid such a cylinder is far from offering no resistance and 
Y/e cbser-7C, even in actual fluids, forms of flow, quite differ- 
ent frorx Fig. 3, which are filled with eddies behind the cylin- 
der. T7e will find that, with the explanation of the deviation 
of the sim.plo flow, with resistance, from the ideal flow of 
Fig. 3, we will be in possession of the key for explaining the 
Magnus effect. 
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The ground for denying the theory of the ideal fluid, as 
regards the -jrotleus, can be stated. The forces of internal 
friction are so small in the interior of the almost non-viscous 
fluids (to T/hich \vater and air belong) as to be negligible in 
conparison with the forces of inertia, but in a thin layer irn- 
nedia^tely on the surface of the ii-nmersed body or of the sta.- 
tionary walls they are of the same order of magnitude as the 
forces of inertia. If vie imagine the viscosity of the fluid 
to be continually decreasing, the specific frictional effects 
in this layer will not be diminished, but the boundary layer 
will become thinner. 

It is obvious that such a layer must exist, since all ex- 
periments on the behavior of viscous fluids demonstrate tiiat 
the boundary layer clings to the body, i-e., is relatively at 
rest. The next layers glide over one another, so that the ve- 
locity of each successively more distant layer is greater than 
that of the preceding layer. There is thus created about the 
body an enveloping zone, in which occurs the transition from 
zero to the velocity not affected by the viscosity^ This tran- 
sition is brought about by the forces of friction which, as 
calculated on the basis of the volume element, are of the same 
order of ma.gnitude as the press^ares produced by the inertia of 
the free fluid, since the vel.ocities in the enveloping zone 
differ by finite quantities from those in the free current. 
The nature of the velocity distribution in the envelopinrT zone 
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is illustrated by Fig. 9. Its thickness 5 ma^r be practicr.lly 
assumed to be from l/SOO to l/sO of the diameter of the cylinder, 
accord-^ng to the viscosity-* 

The next r^roblem is manifestly connected with the laws of 
motion of the fluid in the enveloping zone, commonly called 
"boundary layer." These laws are quite susceptible of computa- 
tion, which is, however, of a rather difficult nature. 

The most important results can also be made intelli^'ible 
by qualitative considerations. The particles in the boundary 
layer are subjected, on the one hxand, to the accelerating and 
retarding press^are differences, the same as in the free fluid, 
and, on the other hand, to the retarding friction with the 
wall. T^'e will consider the results of this alternating play in 
connection with a concrete examiple. For this purpose we choose 
the beginning of the motion of a cylinder-** The theorems for 
the ideal fluid apply ?/ith sufficient accuracy to the free flu- 
id. Since everything was at rest in the beginning, the circu- 
lation is zero for every closed line and must so remain for the 
lines passing through the same fluid particles. At first, there- 
fore, only the potential flow without circulation is possible, 
as shown in Fig. 3, whether the cylinder begins to rotate im.me- 

diately or not. We will assume that the cylinder does not ro- 

* The right measure is the Reynolds number R = with- 
in = kinetic viscosity ( t] = viscosity mass and d = cylinder 
diameter). It is . 

** Such problems are only solvable by starting from a state for 
which the velocities of all the particles can be knovm. The 
simplest condition is that of complete rest* 



I 

■i 

il-A.C.A- Technical Memorandum IT o. 357 17 

I 
I 
I 

tate and study the relations in the frictional zone. If -uiic ac- 
coloration is ccmplotcd during the changed pre3Si;.re conditions 1 
and the cylinder moves uniformly, the pressure is higher at A 
and 0 (Fig. 3) and lower at 3. The particles in the free 
flo"- OT.'i.n irin.oti-o RnciTpy on the way from A to B and lose it 
again from E to C. The particles in the ooundary layer, how- ^ 
ever, lose, through friction -rith the wall, a portion of their 
kinetic cncrg^^^ and no longer have sufficient mom.entum- to pene- 
trate the high-pressure region at C, but come, instead, to a 
standstill a^nd return to the pressure case existing from. C to 
E- The conditions are the same as for a sphere on the curved 
track in Fig. 8, v/hich is somev/hat retarded by friction. It will 

i 

turn back below 0, which it can not reach, and then oscillate 
back o.nd forth. In the boundary- layer flow, the situation dif- 
fers somev/hat from; that of the rolling ball, in that a forward 

force is here exerted on the boundary layer by the free fluid. i 

« 

This causes the back-^ord motion to be less extensive th^an would i 

otherwise be the case.* | 

I 

The process is as follows. The inner and m.ost retarded 
layers first change direction and are followed by the next layers. 
Only the outermost lawyers of the frictional zone are carried 
along by the cuter flow- Since the boundary layer from B is j 

always newly retarded material which likew ise turns back^ there 

*The forv.rard force ca.n overcome the backward force for bodies 
which arc very long in the direction of flow. Then there is no 
vortex formation and the resistance is due only to friction, as 
in the case of a fish, an airship or an ordinary airplane wing. 

! 

. J 
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is forrxd oct^/ccn B and 0 an over tnickoning accumulat io~:i cf 
fluid, set in rotation by the friction, v;hich .novcs, under the 
fall in pressure, tov/ard B and then is carried away as "vor- 
tices" into the free fluid. Thus a transformation of the flov/, 
starting fror:; the insignif icant-appca,ring processes in the nar- 
ginal la'/cr, is gradually completed. In the vicinity of B, 
the boundo.ry layer separates completely fron the wall ^7ith the 
continuous fornation of new vortices and leaves between it and 
the wall a region of weak irreg^alar motions. 

The arocess can be illustrated by a few pictures which I 
took tvrenty yer.rs ago, v.4ien I first experimented with these 
matters wath primitive apparatus. Water containing pov;dcred 
m.icaceous iron ore v/as driven through a small trough by a paddle 
wheel. The flat particles of this mineral assumed different 
angular positions in different portions cf the eddying current, 
thereby causing differences in the reflection of sunlight. 
Figs. 10-12 shovr three different stages of the flow rJbout a cyl- 
inder: Fig. 10, after a very short tir.e; Fig. 11, after a lit- 
tle longer time; and Fig. 12, after a still longer time. Fig. 
13 shov/s the permanent condition, which is characterized by an 
oscillating motion of the train of eddies. 

That the processes in the boundary layer arc really the 
cause of the vortex formation, I was able to demonstrate, like- 
wise 20 3rcars ago, by the following experimient. If a, slot is 
made in the cylinder in the region where the back flow first 
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appc.^:.rs, througli v/hich slot the water is oontinuo.lly dravni^ the 
retarded v/atcr can thus be carried av;o.y, before it acquires a 
bacle/ard notion. The effect, v/hich is shorn in Figs. 14-15 is, 
in fact, the elinination of the vortices and also the scparc?.- 
tion of the flon on the side of the cylinder xvhere the v;ater is 
sucked cut. (The rubber tubes, used for sucking out the r/a- or, 
show in Fi^^s- 14-15.) It is v/orth noting that the separation 
of the flo:v, v/hich is thus prevented as regards the cylinder, 
is transferred to the v/all of the channel. 

This separation is not due to the convexity of the ^Tall 
as in the case of the cylinder, but to the fact that, \7ithout 
the separation, the flow would be greatly retarded (v/hich 
would be accompanied by a pressure increase)- Wlien the other 
conditions are such that this pressure increase nust occur on 
a straight wall, it first produces a return flow, and then vor- 
tices and finally the deflection of the flow from the wr.ll. 
The beginning of the vortex formation on the ch^annel v/o.ll is 
shown at a in Fig. 14- If a slot were also made in the wall, 
the separation could here aolso be prevented or at least greatly 
retarded, so tr^at the pressure increase and the retardation of 

the flow could be perm.anently m.aintained.* 

* Recently experiments with suction on the wall have been re- 
sumed in the laboratory under my management. It has been found 
that by drawing relatively small quantities of fluid through a 
series of many fine slots, a large variety of flows can be pro- 
duced, which differ greatly from the ordinary (as, e.g-, the de- 
flection of a free air stream 180^ by suction in the chamel) . 
Obviously this suction process is applicable to all cases where 
separation is to be avoided: to airplane wings, sails, turbine 
and propeller blades, ships* hulls and rudders, etc* 
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I did not try any experiments at that tine with rotating 
cylinders. In the autumn of 1904 I went from fennover (v/hcre I 
performed the above-m.entioncd experiments), to C-ottingen- Kerc 
I had other tasks at- first, besides having to procure apparatus 
similaT to what I had in Hannover, so that it was not till 1907 
that I resumed v/ater experim.ents and investigated, among other 
things, the flow about two oppositely rotating cylinders, stand- 
ing in contact in a stream, of mter. Here it was to be expect- 
ed that, with a sufficient rotation speed of the cylinders, the 
vortex forming and the separation of the flow would be eliminat- 
ed, since here the fluid would not be retarded by the friction 
on the wall, which mioved in the direction of the current, but, 
at most, would be accelerated. The experiment proved the cor- 
rectness of this assumption. The walls and bottom, of the ex- 
perim.ental channel were covered with cloths vvhich were mace to 
move with the current, so that separation would here also be 
prevented. These cloths, which ran over rollers, caused much 
disturbance, however. Fig. 16 is a picture of such a flow.* 
In connection with these experiments, a single rotating cylinder 
was tried once, without however, m.uch imiportance being attached 
to this m.atter. Fig. 17 is a copy of the only picture retained 

of this experiment. The pictures, made in Ha mburg by Prof. 

* The small eddies behind the pair of cylinders, due to the 
boundary layer running faster here than the rest of the stream, 
had no connection with the vortices producing the separation. 
The cloudlike disturbances, produced by the walls, running fast- 
er than the water on both sides of the lycooodium- strewn current, 
wore of similar origin- 
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Ahlborn by strcv/ing l^rcopocliuTi seed on v/atcr and employing ilash- 
light illuninat ion, v/crc technically very inipcricct. The phcto- 
graphic r.iethod has since been 5:rcatly improved. Figs. 18-21 are 
photof;ra/ohs taken cy H. Rubach in 1913-14, -'hich very clearly 
phow the separation phenomena on C3'linder3. It is manifest 
that potential flow xics first present. The incipient return 
flo\7 sho:vs only in a narrov; zone. The pair of eddies then in- 
creased rapidly, but n;ave rise to secondary separation phenori- 
ena o.nd eddies, vjhere the pair cam.e in contact "7ith the cylin- 
der. Subsequently, the pair uas corxpletely interspersed v;ith 
such secondary eddies and became continually more irre£iJLlar 
and finally disintegrated into an oscillating flow with the con- 
tinual formation of new eddies. 

As regards the explanation of the origin of the circulation 
flow on the rotating cylinder, which we still needed for a sat- 
isfactory explanation of the Magnus effect, it was made very 
simiple by the previousl^^ prepared exposition. 'Yith suffici- 
ently high rota-tion speed, no retardation occurred on the ac- 
cor.po.nying side and hence no separation, but vortices v/cre 
form.ed on the contrary- running side, the sam.e as on the cylin- 
der with the suction. The circulation is always zero for a 
line (a b c d a in Fig. 22) rounriing around both the cylinder 
and the eddy entirely in the free current. If we add the line 
b d runi:ing through twice in the opposite direction, nothing 
is thereby changed, since one direcxion just offsets the other. 
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Fron the paths considered, there can be produced, ho\vcver, tv/o 
ne'7 closed paths, a b d a and c d b c. The last line, 
v/hich enbrcccs the eddy alone, has a circulation, however, ond 
hence the line a b d a, surrounding the cylinder, rrast have 
the sa-ie circulation in the opposite direction. The eddy passes 
along y/ith the current, and the circulation around the cylinder 
reimins.* When the C3^1inder is rotc-ting slo\7l3% one of the ed- 
dies is snaller and the ether larger than when the cylinder is 
not rotating. The circulation around the c^^linder is then equal 
to the difference between the circulations of the eddies. 

In order to correct a cornnon error, it should be noted 
that the kinetic energy of the circulatory flow has no connec- 
tion with the frictional resistance of the air which the cylin- 
der iTiUst overcome v;hen rotating. As my coworker, J. Ackeret, 
has demonstrated (in a hitherto unpublished research), the cyl- 
inder must overcome a resistance during the developmient of its 
c irculo.tion. The requisite work is the equivalent of the flov/ 
energy produced. 

The air friction h-as simply a loosening effect. It 3 only 
offset is that when the circulation (through a change in the 
rotary speed of the cj^linder or in the velocit^r of the wind) no 

longer corresponds to the normal condition, m.ore eddies are 

* The Thompson theorem, does not apply in the frictional .^one, 
so thiat closed lines, which pass anywhere through fluid material 
coming from, the frictional zone, can h^ve a circulation differ- 
ing from zero. 
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produced in one rotational direction than in the other, until, 
by their passing off, a circulation is produced which corre- 
sponds to the momentary condition. 

We "'ill no?; more closely invcstiga.te the flow of Fig. 7 
from the standpoint of cur knowledge of the behavior of the 
boundary layer. If the cylinder has a peripheral velocity 
greater "ch^n the maximum flov/ velocity, the boundary layer is 
not retarded, but is ever^nvhere accelerated. Hence no further 
freeing of eddies will occur after reaching the circulation 
corresponding to this flow. We therefore conclude first, that 
in such a case, the flow diagram of Fig. 7 will be approximate- 
ly attained and, second, that the corresponding transverse 
force represents the theoretical maxim-oir:.* How great must the 
peripheral velocity of the cylinder be, in order to produce 
this condition? At first the theory for the maximum flow ve- 
locity according to Fig. 3 (at B and 3') gives the value 
27 . The peripheral velocity U, of the additional flow accord- 
ing to Fig. 4, is therefore also 2V, so that we "nave the ve- 
locities 4V and 0 at B and 3'. Hence the above consider- 
ation holds good for peripheral velocities u, which are greater 
than 4V. Nevertheless, it is to be expect e-^ that we can go 

somewhat below the value 47, because a slight retardation at 

*This conclusion is not absolutely obligatory, because fluid 
particles carried along by the cylinder are thrown off by cen- 
trifugal force and may affect the neighboring flow, whereby the 
circulation can be increaeed. somewhat in excess of the value 
corresponding to Fig. 7. This effect, however, can not be very 
great, so that the above statement is approximately correct. 
It is also corroborated by experiments mentioned farther on. 
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the point of naxinuna flovi velocity can naniicstly do no l^arr.i, 
since it will be offset by the impulsion at the points of nin- 
ir.um flow velocity. 

The •;:axirim theoretical pov/or ca.n now be given in accord- 
ance '.vith our previous calculations* V = 2nr U = 4TTr V., 
and hence P...^^ = 4 tt p r I . In order to obtain the coeffic- 
ient of lift c^ * we divide ? by the frontal area of the 
cylinder F =^ 2 r I and by the dynamic pressure q = p 
and obtain 

Ca max = ^ = 4 TT = 12.57 ** 

This coefficient of lift is about ten tines as large as the 
values ordinarily obtained for airplane v;ings. This is due to 
the fact that the flov/ is deflected by the rotating, cylinder 
very much nore tha.n it would be by an ?.irplane wing. If we 
study the pressure Aistribution of the flow in Fig. 7, Bernoul- 
li's theorem gives us the answer that ^ instead of A ^ 
there is a positix^e pressure equal to the simple dynamic pres- 
sure P ~ opposite the undisturbed current. Instead of 
on the contrary, where the velocity v = 4 V, the dynam.ic 
pressure is 16 tim:es as sriall as at A and the negative pres- 
sure opposite the pressure of undisturbed flow is therefore 

*This term is borrowed from aviation, in which the force cor- 
responding to the transverse drive of a sail is called "lift." 
**Through no fault of m.ine, it was announced in the daily nev/s- 
papers tliat I had this information in 1904. This is not so. 
I do not rerxrxber the exact date, but I think I first knew it 
in 1918. 
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15 tines the dynanic pressure. The far greater portion of the 
transverse force is therefore due to the effect of suction. 
This rr.-o? very obvious fror. the study of Fig- 7, if we hear 
in nind the centrifugal effects in the fluid, which are -uani- 
f estly very important in the portion above the cylinder.* 

Experiments v^ith rotating cylinders, spheres and other bod- 
ies have long stood on the list of research tasks for the aero- 
dynamic laboratory under my charge. They were brought to our 
attention anew by the above-mentioned theoretical considera- 
tions, which r.ade an investigation deem, desirable. This liad to 
be postponed, hov/ever, on account of more urgent tasks. The 
decisive impulse 'vas fina^lly f^arnished by the circumstance that 
in 1923 we car.e into possession of very rapid sma,ll electric 
motors, which my faithful cov/orker of m.any years. Dr. Betz, liad 
developed for driving the propellers of airplane models (cf. 
Ackeret, "Zeitschrift fur Flugtechnik und Motorluf tschif fahrt" 
1924, p. lOl) . This caused Ackeret, who was greatly interested 
in ever^-thing pertaining to boundary layers, to investigate the 
rotating cylinder. In order to approxim.at e, as closely as pos- 
sible, the conditions assumed in the theory, the cylinder was 
placed between two parallel walls, so that the process of flow 
w^ould be the S3.me in all planes parallel to both v/alls and all 

* Also for ordinary cambered airplane wings, the suction on top 
is grea.ter than the pressure on the bottom, although not to so 
great a degree as for a rotating cylinder* 
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detrir.icnfcl currents around the ends of the cylinder \70uld he 
avoided. The peripheral velocity v.as incrccascd to four tir.es 
the v/ind velocity, but at first the highest attainable c-,^ re- 
gained at about 4, instead of its theoretical value of 12.57. 
An investigation of the flow soon shov/cd us that only the cen- 
tral portion of the cylinder v/orkcd correctly, \7hile the cur- 
rent did not cling to it near the ends and was therefore only 
slightly deflected. I ascribe this deviation from the a.ntici- 
patcd flow to a separation of the air ctrean on both walls cor- 
responding to the separation fron the wall as shov/n in Fig. 15. 
In order to avoid this, I suggested the addition cf circular 
disks to the ends cf the cylinder, to rotate with the cylinder 
and to prevent the retardation of the boundary layer at the 
critical points (Fig. 23). The anticipated effect was produced* 
The flow clung to the c3-lindcr clear to the v/alls and the coef- 
ficient of drag increased to about 10, with an approxinato 
90^ deflection of the 20 cn (7. 37 in.)-high air stream by a 
cylinder of 4 en (l.57 in.) diameter. Y!e could be well satis- 
fied v;ith the result since, due to various deviations produced 
by friction, v;e could net expect to obtain the coefficient 12.57.- 

We liad already considered, with reference to the theoret- 
ical results, the application possibilities cf the rotating 
C3^1inder, but saw no practica,l advantage in connection with any 

of the things considered (air plan e wings, propellers,* wind- 

* A propeller model with rotating cylinders v;as tested by Pro- 
fessor Glimbel in Berlin in 1913. 
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inills, tLiroinc olacxs, etc.)- I have not changed ny c-pinion. 
T/e can r.-'^catly recaicc the f-cpth in the clirection of flovj, as 
conpared uith v:ing-shia.pcd structures, 03^ the use of rotating; 
cylinders, since the latter atsorh S-10 tir.ies as r.iuch force per 
unit area of the proiection, hut this generally constitutes no 
great .advantage, because sone forn v/ithout ncving parts is 
structurally r.orc convenient and good wing shapes offer less 
resistance to the air in the direction of notion. By the suh- 
stituticn of rotating cylinders in place of v/ings, sails and 
bla^dcs, no saving can be made in the span of airplanes, the 
diaiTictcr of vandnills, etc, because the performances of these 
machines depend on the vclrae of air utilized per second, ndiich 
is chiefly determined by the span or diameter. 

Unfortunately, v;e did not at that time consider the co.se 
of a ship's sail v.^here the- conditions arc different and afford 
man^.'* advo/ntages for the rotating cylinder. This discovery v;as 
rcscr^/cd for IIt. Anton Tlcttner, the in-^^cntor of the Flcttncr 
ship rudder. He had previously had various experim.ents for 

determining the properties o f his rudder* pe rforaed in the lab- 

*This rudder differs from, the ordinary steering rudder of a 
ship, in that it is free to miove on its e.xis like a v:ind vane 
and is not turned forcibly by a rudder engine, but is operated 
by a sm.all caixiliar3'' rudder on its trailing edge, uhercb:/ the 
auxilia.ry rudder plr^ys the same role v/ith respect to the main 
rudder as the ordinary rudder does viith respect to the ship. 
In this ".T.y t:ie force required for steering is very much reduced 
even for very large ships. Moreover, the steering action is 
m.uch steadier, even in a heavy sea, since the rudder co-n follov; 
the changing currents. In this connection, cor.pare also "riatur- 
7;issensciiaf ten" 1384, p. 1103 (E. Forster, "Die neue Snt-.lcklung 
dos Schif f santriebs" ) . 
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oratory urxder my charge and then undertook to apply the princi- 
t)le of his rudder to the sail of a ship. Sailing vessels had 
gradually coKe into a very disadvantageous position in compari- 
son with steamships and Diesel- engine ships, due principally to 
the necessity of a large crew for handling the sails and ir.aking 
the frequent repairs in the rigging. Flettner wished to intro- 
duce metal sails, made like the wings of metal airplanes, which 
would' automatically assume the correct position with reference 
to the v;ind by means of wind vanes and auxiliary rudders. The 
storm problem was very difficult, however. The metal sails 

could not be reefed, though they could always be brought, by 
means of an auxiliary r^adder, 

/into the exact direction of the wind, so that they received no 
lateral pressure. Ti'hat if, however, the auxiliary rudder should 
be damaged in a storm and remain in such a position thr„t the 
sails would receive the full pressure? There was the further 
disallusiomnent that the old t-jpc of sail, when correctly ad- 
justed to the wind, was not so bad as we hxad been inclined to as- 
sume, but generated forces equal to about QO^o of those produced 
by metal sails of the sr^me size. The metal sails had to be very 
large, therefore, in order to fully replace the old sails. 
Mr. Flettner therefore began to search for some other substi- 
tute, when informed of the Gottingen experiments with the ro- 
tating cylinder, he quickly decided to have the availability of 
such cylinders for his sail ship investigated and r.ade arrange- 
ments with us for this purpose. Our previous experiments en- 
abled us to suggest immediately, v.s the most favorable, the 
very form which was subccauently installed on his ship. For 
the reasons already mentioned, each cylinder had to be long. 
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and projecting disks v:cre added to both ends. The free upper 
disk had soniewliat different functions than the previously de- 
scribed disks next to the walls (Fig. 23). Without them, air 
would have been drar/n from the rear side of the cylinder into 
the nego.tive-pressure region and would have dissipated the cir~ 
cni.atory flow throughout a considerable portion of the length 
of the cylinder and indeed all the more, the greater the nega- 
tive pressure would have otherwise been. Of course the disk 
had to rotate also, so that the alrca^dy m.entioned separation 
would not take place- The disks afforded the further advant- 
age, which v/as clearly demonstrated in the experiments, of de- 
creasing the induced drag, by dividing the marginal eddy into 
two eddies flowing away from the walls of the disks, thus pro- 
ducing an effect simiilar to the transition from a monoplane 
to a biplane.* 

First a cylinder wdth a built-in electric motor v/as tested 
(Fig. 24), once v/ithout disks ^and then v/ith two pairs of disks 
of different diameters. Fig. 25 shows the combined lift coef- 
ficients c^ and drag coefficients c,^ (resistance in the 
direction of the wind divided by Fq) in the form of polar 
curves, the dashed line (in the lower left corner) being the 
polar curve of an airplane wing. In Fig. 26, c^^ is plotted 
against u/V (ratio of the peripheral velocity of the cylin- 

der to the veloci t y of '.h e wind) > T.t is obvio us that the cyl- 

*Mr. Ficttner has established his claim that he learned of this 
action of the disks f.vom other sources a"d that he would have 
used disks on the cylinder even without our suggestion. 
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indor v/ith disks in the region of u/V -~r 4 attain the greatest 
lift of c^ - about 10. The cylinder v;ithout dnnkR prvodi-nod a 
lift of about 4. 

Furthemore, the v/ind forces r/ere deternined on a model 
of the rotor- ship "Buckau" and on a model of an equivalently 
rif^ged sailing vessel of the earlier type- The results are 
plotted in Fig. 27 for a v;ind (relative to the moving ship) of 
constant direction and strength, in such a manner thiat the use- 
ful component of the a.ir force falling in the direction of the 
motion of the ship is plotted in the existing course to the 
relative wind. The sail areas of the tv;o models (Fig. 2S) v/ere 
in the ratio of 1 : 3.8. On the sailing-ship model the sails 
had to be reset for every change in the ccurce. The r.easuring 
points were farther ouv.vard or in^x^rd, according to v^hether 
the adjustment of the s:.ils v/a.s better or v;orse. The region 
covered by the measuring points is hatched in Fig. 27. Adjust- 
m.ent is possible on the "rotor ship" only in so far as the per- 
ipheral velocity is adapted to the v;ind velocity. A very great 
adva/ntage of the rotor is that it does not have to be adjusted 
for chr/nges in the direction of the wind. On a sailing ship 
any considerable change in either the direction or the veloc- 
ity of the v/ind necessitates a. change in the set of the sails. 
Since this is very laborious, especially on la,rge ships, it is 
often neglected as long as possible, v/ith a corresocnding loss 
in speed. On a rotor ship, the correct adjustment is autcmat- 
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ically made and the revolution speed can te very ccEily correct- 
ed by turning a hand v/hccl, ^ihich controls the electric motor 
'.Thich drives the rotor. Cnly --hen the v;ind clianges from ctar- 
boaird to port ie it necessary to reverse the rotational direc- 
tion of the rotors. 3y rota.ting the tvro rotors in o-oposito 
directions, the ship can ce nade to turn in its place. When 
the wind increases, u/V and hence Cg_ automatically decrease, 
so th-at the r/ind force increases more slowly than on a sailing 
ship, r-hcre it is necessary to roof the sails. A further weak- 
ening is possible by reducing the rotational speed. If, in a 
heavy storm, the power is entirely switched off from the rotor, 
the effect of the T;ind is then very small so ttat c = 0 
and c,^ = O.3.* The drag is then less than that of the empty 
rigging of an equivalent sailing vessel. 

Fig. 29 renrcsents the experimental ship "Buckau," of 600 
metric tons, before and after conversion from a sail ship to a 
rotor chip. Fig, 30 is a view from the captain's bridge toward 
the front rotor, whose details can be readily recognized. The 
loading mast in the micelle of the ship ser-v-es for lifting the 
freight. 

At a trial trip of the "aichxoi" on Kcvember 12, 1924, I 
was able to satisfy myself regarding the f ine construction of 

* The greater value in Fig. 25 is due to the fact that, with the 
stationary model cylinder, the critical speed (accurate critical 
xtcynolds number; had not been reached. (Gf. Wioselsberger "Phys. 
z.eitschrift," 1921, p. 321; L. Prandtl, "Festschrift der Kaiser 
./ilnoln Gescllscl^aft," Berlin, iP21, v. 178; "Zrgebnisse -^er 
Aerod3TiamiGchen Versuchsanstalt," Munich, 1923, part II, ^. 23.) 



II.A. C. A. Technical Mcnorandun 'To^ 367 32 



txiG rotors end their driving nechanisn by the "Gcn^ianiav/crf t'^ 
at Kiel. On the inside of each rotor there is a clirbable hol- 
lo'5 steel column, rigidly connected v/ith the ship and carrying 
at its top one of the main bearings on vmich the rotor turns* 
The rotor also has a bOcaring at the bottOTi. The rotor is driv- 
en, through a, pa,ir of cog wheels just above the lov/er main, bear- 
ing, by an electric notor controlled by. the Leonard syster/i** 
The rotors ere constructed frcn 1 mr (0.04 in.) sheet iron v;ith 
an intern' 1 stiffening: frame and arc prcactically noiseless. 
According to the testimony of the crev/, the r-ianeuverability of 
the ship v.as excellent. It has not yet been tested in a storm, 
because there has been no stomi since the completion of the 
ship. There is, however, no occasion for fear, bece^use the 
Find forces are very sriall -hen t:ie rotors are not running.** 
The m.ost im-oortant point yet to be settled is v/hether the 

rotor ship will be able to compete econ oriically with the steam- 

* In the Leonard svstem a continuous-cui-rent motor is driven by 
a specially adapted dyncamo in such rianner that the magnetic 
field of the r.otor is excited by an external source v;ith con- 
stant current strength Cund that the magnetic field of the dyn- 
amo is excited by a"^regalatable current strength, while both 
arr:atures are directly connected with each other- Thus the dy- 
namo supplies a regulatablc current of any desired voltage and 
the motor revolves at a corresponding speed. In addition to 
the two electric motors, there are o.ccord.ingly on the Buckau, 
in order to operate the two towers independently of each other, 
three small dynamos, one for each tcv/er and one for exciting 
the mxagnet fields and f^-^r other uses. 

**Thc storTi test bias since tahcn place with very good results 
and the ship has begun its mercantile trips. 
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ship and v:ith ships driven by internal conbustion engines. This 
ssons to have been proved by the calculations which, hov;cver, 
lie entirely outside iny field of v/ork. The real proof can nat- 
urally be had only by actuo,l tests, \7hich xvill be made v/ith 
rotor ships and v;hich will demonstrate many things (cost of re- 
pairs, etc.) which can not be anticipated. In my opinion the 
prospects are rood in this respect and it is therefore encour- 
aq:ing to hear that a nunber of la^rger engine-driven boats are. 
to be converted into rotor ships v/hich will serve as examples* 
It is unfortunate that a bit of poetry v/ill thereby be taken 
again from the craft- It must, hov/ever, be confessed that the 
sailing ship could not be saved an-^/^vay- May success crown the 
new ship r/hich is taking its place! 



# 



II.A.O.A* Technical I'.Ic:norandun Ko- 567 



34 



Literature 

Aclccrct, J. - "Das Rotorschiff und seine physikalisclien 

Grundlagen," Vanderhoeck and Ruprecht, Got tin- 
gen, 1925; "Neuore Unt ersuchungen der Aerody- 
namischen Versuchsans talt in G-bttin-':on, " ' 
Zeitschrift fur Flugtecliniic und Motorluf tschif- 
fahrt, Feb. 14, 1925 (N.A.C.A- Technical TJern- 

orand"Uin No.' 323) . 
% 

Bctz, A. - "Der Ilagnus-Ef i el:t , die Grundlage der Flettncr- 

v;alzo," Zeitschrift des Vereines deutscher In- 
genieure, Jan. 3, 192 5 (N.A.C'-^- Teclmical 
M en o r andun Ho. 510); 

"Einfuhrung in die Theorie der Flu gzeugtragf lug- 
el . Uaturvjissenschaf ten 1918^ p. 557. 

Cranz, G. - "Ballistik," Sncyklopiidie der Mathenatischen 

Wi s sens cliaf ton, IV 18, pp. 226 ff. 1903. 

Flettner, Anton - "Anv/endung der Erkenntnisse der Aerodynanik 

zun 'Vindvortrieb von Schifien,'* Zeitschrift 
fur Flugtochnik und Motorluf tschiffahrt, Feb. 
14, 1925, pp. 52-63. 

Flittingor,. H. "Ueue G-randlagcn des Propellerproblens , Jahrb. 

d. Schiifbautecm. Gcs . 19, 426 ff. 1918 



Teolinical licmorandun Ko. 567 55 



Hein, J. ?• G. Yon - "Seitragc zur Ballistik in 'ocscndorcr 

5czicinmg aiii die Uridrchung dcr ^irtillvC- 
ric-G-cschossc/' Uln, 184-8. 

Karran, Th. Von - "LTbcr lar.-inaro und turbulent c Reibunp'/' 

Zcit sc::j.rif t fiir angev^nndtc Hr^tho^nat i> und 
llGchanih, I, p. 235, 1921. 

Lafay - " Contri -T^uti on cxporir.cntalc a 1 ' aorodyna:u- 

iquc du cylinder," Revue Ivlecaniquo 50, 
;^p. 431 If, 1912 > 

"3ur l^inrcrsicn du pfcinombne dc Llagnus . 
O.R. 131, 8c?, 1310. 

lla^nus, - "U.:i^ocr die Abv/cichung dcr Gcsclioesc," 

Ab'iandl. d. K^jl • ^^kad. d. :7iss- zu Berlin, 
1852, Poa'S^ondcrff 3 Ann. 88, I, 1353. 

Feiesen, S. D. - "Raolierohes sur le -ouvenent des projec- 
tiles,'' Paris, 1339. 

Prandtl/L. - "tiebcr Flussiglceit sbe-eq^an^: bei sebr 

1:1 e ir. e r Ro ibun g , V c r handl . d . Ill, Int e r- 
nnt. l£athenati::ericonc;'r. zu Eeidelberr-r, 
1904, Leipzio;, 1905, p. 484; 
"riuBciglceitsbe'7e,^n3;, " Handv/ortcrbucb der 
N'^tur^-.^issenschai ten, Jena, 1913; 



No.i.C.A' Technical I.iciriOrandu::i IIo. 367 



( Cont . ; 



"Tragilugelthoorie," Nachr. d. Y.p;!. Gcs. 

d. 7/is3-^ Gott-ingerx, 1308 , p. 4-51, and 

190S, p. 107; 
" Tragf l^oChenauftricb una -'.Yiders tana in der 

Theorie," Jahrbuch d. Wiss. G-es . fur 

Luftfahrt, Berlin, 1320, pp. 37 ff; 
"Kincmatograpliische S tronungsbilder, " Die 

llaturv;iscenschaf ten. Vol. 13, pp. 1050- 

1053 (iI....G.A. Technical Ileriorandun No. 

364). 



Rod ins, B. - 



"Ne^-; Principles of Gunnery," London, 1843* 
"::>!Iathenatical Tracts of Gunnery," London, 
1761, p. 200 ff. 



Strutt, J. , Lord Rayleigh - "On the Irregular Flight of a 

Tennis Ball," Lies sender of llathemtics, 
7, 14, 1377; Scientific Papers, Can- 
bridge, 1899, p. 344. 



Walker, G. T. - 



Vv'olff, Z. B. - 



"Spiel und Sport," Zncyklop^idie der ::iath. 
T/issenschaft, TJ 9, pp. 136 ff, 1900. 

"Voorloopig onderij^oek naar den inx^loed 
van een draaiendc rol aangebracht in oen 



N • A . G • A . T e chn i cal M e:no randur. No • o 67 



37 



7/olf f , E.B. vlcugteugprof iel, " Ri j l:s~Studiedienst 

("ContO 

voor de Luchtvaart, Ansterdan, 
(iTwi.G.A- Technical I-.ierorandurn Ho- 307 
"Report A* 105" of the Rij ks-Studicd- 
ienst voor de Luchtvaart, Amsterdan 
( K . A . C . A • T echn ical li ernorandum o • 3 54 



Translation by D;7ight !I. Miner, 
Natipnal Advisory Corxiitteo 
for -Aeronautics. 



* 

N.A.C.A. Technical Memorandum No. 367 



Figs.1,2,3 & 4 




Fig. 3 Potential flow aroiind 
a cylinder. 



Fig. 4 Circulatory flow 
around a cylinder. 
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Sup-rposition of 3 floi.vs. The streamline 
sj^stea III is derived from system I and 
"OY drawing the diagonal curves. 




Fig. 7 

Circulation flows obtained by 
superposition of figs.3&4. 




Fig. 8 Ball under the influence 
of gravity. 
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Figs. 14-1 5 Flow around the 




Fig*17 A single retorting 
cylinder. 
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Fige.9,82,23 & 25 
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Fig. 9 Velocity distribution Fig. 22 Production of the 

near the wall. circulation. 



Motor 



Air-stream limits 
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Fig. 23 Experimental apparatus. 
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Fig. 25 
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Figs. 26, 27, 29. 



10 



8 









1 

-. J - 




1 

I 
































i 


















1 
\ 


/ 














Disk d, 
12^ 


li 


sk 


iiai 
















/ 


140 


mm 






























X^Wit 


IlOU' 


t d; 








— t 

_! 






"1 i 

_ L 1 












i 






,L 








1 



0 



12 3 4 

u/V 

Fi£,'.'JS plotted against u/V. 



Direction 
Vof motion 




Relative \/ , 
wind ^ 



Fig. 27 Wind forces on ship models, 

Rotor ship. 

Sail ship. 




Fig. 29 Sail area of "Euckau" before and 
after conversion. 
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Figs. 24, 33 & 30 



Kleotric ^ 
conductors 




End disk gncL disk 

Fig, 24 Rotaxy cylinder with built-in motor. 




Fig. 28 The two 

ship 
models. Each 
rotor has a 
built-in elec- 
tric motor as 
shown in Fig. 24 




